Abstract. The function of the extracellular matrix (ECM) in the tumor microenvironment is not limited to forming a barrier against tumor invasion. As demonstrated in pathological specimens, cholangiocarcinoma samples exhibit an enrichment of the ECM surrounding the tumor cells. In this study, we examined involvement of the ECM in the regulation of the invasiveness of cholangiocarcinoma cells. The RMCCA1 cholangiocarcinoma cell line was cultured in culture plates either with or without a coating of reconstituted ECM basement membrane preparation (BD Matrigel matrix). In vitro invasion assays were then performed. In addition, the protein expression profile of the cell line was examined using two-dimensional gel electrophoresis and liquid chromatography-tandem mass spectrometry. The proteins expressed and their functional associations with cancer progression were determined. Culturing the RMCCA1 cell line in the BD Matrigel matrix induced cell invasion. Numerous proteins were induced by culturing the RMCCA1 cells in the matrix gel. The expression of L-plastin, an actin-binding protein, was significantly upregulated. The knockdown of L-plastin expression by siRNA silencing significantly suppressed the cellular response to matrix gel-stimulated cancer cell invasion. The ECM promotes the invasiveness of cholangiocarcinoma cells by upregulating L-plastin. These findings suggest the potential exploitation of this mechanism as a means of inhibiting the invasiveness of cholangiocarcinoma cells.
Introduction
Cholangiocarcinoma, an aggressive malignant tumor that develops from the bile duct epithelium, is associated with local invasiveness and a high rate of metastasis (1, 2) . The worldwide incidence and mortality rates associated with cholangiocarcinoma have risen over the past three decades. In Thailand, the annual incidence of cholangiocarcinoma is 87 per 100,000 inhabitants (3). In the United States, the most commonly recognized risk factor for cholangiocarcinoma is primary sclerosing cholangitis (4) . However, in Southeast Asia and particularly in Thailand, infection with hepatobiliary flukes (Opisthorchis viverrini) is the most common risk factor for cholangiocarcinoma (5) . Therapeutic options for cholangiocarcinoma patients are limited, as this type of cancer responds poorly to chemotherapy and radiation therapy. Surgery is thus the only potentially effective treatment for cholangiocarcinoma. However, typical five-year survival rates of 32-50% are achieved only by a small number of patients with negative histological margins at the time of surgery (6) (7) (8) . Therefore, the understanding of the mechanisms involved in cancer cell invasion and metastasis may be useful in developing new therapeutic options for cholangiocarcinoma patients.
The function of the extracellular matrix (ECM) in the tumor microenvironment is not limited to forming a barrier against tumor invasion. Previous studies have indicated that interactions between cancer cells and the ECM play an important role in cancer progression. The molecular components of the ECM, such as fibronectin, laminin, collagen and heparin sulfate proteoglycans, communicate with cancer cells and modulate a variety of cellular functions required for cancer cells to exhibit invasive and metastatic properties (9) (10) (11) . Numerous results from pathological studies have indicated that cholangiocarcinoma cells are surrounded by a dense sheath of connective tissue that contains the ECM (12) (13) (14) . However, there have been no studies to date regarding the definitive role that the ECM plays in cholangiocarcinoma cell invasion. Therefore, we aimed to investigate the involvement of the ECM in cholangiocarcinoma cell invasion.
Materials and methods
Cell cultures. The RMCCA1 human cholangiocarcinoma cell line, originally derived from a cholangiocarcinoma patient (15) , was grown in Ham's F12 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco) at 37˚C in a 5% CO 2 humidified atmosphere.
Cell invasion assay.
To study the mechanism of cancer cell invasion in vitro, RMCCA1 cells were cultured in BD Matrigel matrix (BD Biosciences, Bedford, MA, USA) for 0-24 h. Next, cancer cells were seeded into porous cell culture insert cups (BD Biosciences) each containing a layer of matrix gel. The number of cancer cells that invaded through the basement membrane within 24 h was assessed by staining the cells with crystal violet (Sigma-Aldric, St. Louis, MO, USA) (16) .
Two-dimensional (2D) gel electrophoresis. 2D gel electrophoresis was performed for the analysis of proteins extracted from cholangiocarcinoma cells cultured in uncoated and 24-h matrix gel-coated plates. Each electrophoresis gel contained three pooled samples from the cell culture plates. Six gels were prepared in biological triplicates from the uncoated and matrix gel-coated plates. Protein samples (500 µg) were applied to 18-cm immobilized pH gradient (IPG) gel strips (pH 3-10; GE Healthcare, Uppsala, Sweden) by cup loading near the anodic ends of the strips. Isoelectric focusing (IEF) was performed using an Ettan IPGphor Manifold on an Ettan IPGphor isoelectric focusing unit (GE Healthcare) for 32,000 Vh at 20˚C. Following IEF, each gel strip was equilibrated with equilibration buffer. The IPG strips were then loaded and run on 12.5% acrylamide gels (GE Healthcare) using the Ettan DALTsix electrophoresis system (GE Healthcare). The run was stopped after the bromophenol blue dye front had run off the bottom of the gels. The gels were then stained with colloidal Coomassie Blue (GE Healthcare).
2D image analysis. The proteins were visualized using an ImageScanner (GE Healthcare). The gel images were analyzed to determine differential protein expression profiles using ImageMaster 2D Platinum software (GE Healthcare). Student's t-test was used for statistical analysis and P<0.05 was considered to indicate a statistically significant difference.
Protein identification by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
In-gel digestion. LC-MS/MS was performed by the Proteomics Laboratory, Genome Institute, National Science and Technology Development Agency (Pathumthani, Thailand). Following 2D analysis, an in-gel digestion was performed. Briefly, after the protein spots were excised, the gel plugs were dehydrated with 100% acetonitrile (ACN), reduced with 10 mM DTT in 10 mM ammonium bicarbonate at room temperature for 1 h and alkylated at room temperature for 1 h in the dark in the presence of 100 mM iodoacetamide in 10 mM ammonium bicarbonate. Following alkylation, the gel pieces were dehydrated twice with 100% ACN for 5 min. For the in-gel digestion of the proteins, 10 µl trypsin solution (20 ng/µl trypsin in 50% ACN/10 mM ammonium bicarbonate) was added to the gels followed by incubation at room temperature for 20 min. Next, 20 µl 30% ACN was added to keep the gels immersed throughout digestion. The gels were incubated at 37˚C overnight. To extract the peptide digestion products, 30 µl 50% ACN in 0.1% formic acid was added to the gels, which were then incubated at room temperature for 10 min in a shaker. The extracted peptides were collected and pooled in a new tube. The pooled extracted peptides were dried by vacuum centrifugation at 2,500 x g for 10 min and stored at -80˚C until further mass spectrometric analysis.
LC-MS/MS analysis.
The LC-MS/MS analysis of the digested peptide mixtures was performed using a Waters SYNAPT™ HDMS™ system (Waters, Milford, MA, USA). The 1D-nanoLC was performed with a Waters nanoACQUITY UPLC system (Waters). Tryptic digests (4 µl) were injected onto an reversed-phase analytical column (20 cm x 75 µm) packed with 1.7-µm ethylene bridged hybrid C18 material (Waters). The peptides were eluted with a linear gradient of 2-40% acetonitrile developed over 30 min at a flow rate of 1000 nl/min. This elution was followed by a 10-min 80% acetonitrile treatment to clean the column before using 2% acetonitrile for the next sample. The effluent samples were electrosprayed into a mass spectrometer (SYNAPT HDMS system) for MS/MS analysis of the peptides, and spectral data were generated for further protein identification by matching against hits in a database search.
Mass lists in the form of Mascot generic files were created and used as the inputs for the Mascot MS/MS Ion web-based search functionality at the National Center for Biotechnology Information non-redundant database (www.matrixscience. com). The default search parameters were applied as follows: Enzyme, trypsin; taxonomy, Homo sapiens (human); maximum missed cleavages, 1; fixed modifications, carbamidomethyl (C); variable modifications, oxidation (M); peptide tolerance, ±1.2 Da; MS/MS tolerance, ±0.6 Da; peptide charge, 1+, 2+ and 3+; and instrument, ESI-QUAD-TOF.
Western blot analysis. Protein extracts isolated from the cells cultured in the uncoated and 24-h matrix gel-coated plates were separated by 12% SDS-PAGE and then transferred onto a nitrocellulose membrane (GE Healthcare). The membrane was subsequently incubated with monoclonal antibodies against L-plastin (1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and β-actin (1:500; Cell Signaling Technology, Danvers, MA, USA). Horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG) and anti-rabbit IgG at 1:5,000 dilutions were used as secondary antibodies (GE Healthcare). The blots were visualized using an ECL Plus detection kit and Hyperfilm ECL (GE Healthcare). The western blot results were quantified using densitometer and image analysis software (ImageScanner III and ImageQuant TL; GE Healthcare, Uppsala, Sweden).
Inhibition of L-plastin expression using transient siRNA transfection. L-plastin siRNA (Santa Cruz Biotechnology) was used to knock down L-plastin gene expression. A fluorescein-labeled, double-stranded RNA duplex (BLOCK-iT™ Fluorescent Oligo; Invitrogen, Melville, NY, USA) was designed as a control. The siRNA molecules were diluted in Opti-MEM ® I Medium without serum (Gibco) and mixed gently. Next, Lipofectamine™ 2000 (Invitrogen) was diluted in Opti-MEM I Medium without serum, mixed gently and incubated for 5 min at room temperature. The diluted siRNA molecules and diluted Lipofectamine 2000 were then combined. The mixtures were incubated for 20 min at room temperature to allow for complex formation to occur. The siRNA molecule-Lipofectamine 2000 complexes were added to each well containing cells and medium, and mixed gently by rocking the plate back and forth. The cells were incubated at 37˚C in a CO 2 incubator for 6 h. Next, the growth medium was replaced after 6 h, and the cells were harvested 24 h after transfection. Western blotting analysis using the L-plastin antibody was performed to assess the degree of L-plastin gene expression knockdown.
Immunofluorescence microscopy. Cells ( 5x10 4 ) were incubated with the primary antibody, anti-L-Plastin (1:10), for 1 h at room temperature. The cells were then washed and incubated with the appropriate secondary antibody (Alexa Fluor 594, anti-mouse; Molecular Probes, Grand Island, NY, USA) for 1 h at room temperature. The actin filaments (F-actin) in the cell cytoplasm were stained with Alexa Fluor 488 phalloidin (Molecular Probes), and the nuclei were stained with TOPO3 (Molecular Probes). The cover slides were removed from the plates and mounted with antifade on the slides. Cell images were captured with a confocal scanning biological microscope (FV1000; Olympus, Tokyo, Japan).
Immunohistochemical staining. The study was performed with approval from the Ethics Committee of Rajavithi Hospital (Bangkok, Thailand). Paraffinized sections on glass slides were subjected to L-plastin detection by standard immunohistochemical technique. Sections were hybridized overnight at 4˚C with a 1:50 dilution of L-plastin antibody (Abcam, Cambridge, MA, USA), followed by incubation with the secondary antibody, polyclonal Goat Anti-Mouse IgG (Abcam), conjugated to horseradish peroxidase that catalyzes a color-producing reaction (Abcam). The signals were visualized under high power magnification (x200) on an Olympus BH2 microscope.
Statistical analysis.
Continuous values for the observed levels in the invasion assay were expressed as the mean and standard deviation. One-way analysis of variance was used for the analysis of the multiple variables of the cell invasion assay. Student's t-test was employed to evaluate the mean differences in the intensity volume of each corresponding spot between the two groups of samples. The statistical analysis of the immunohistochemical studies was performed using either the χ 2 test or Fisher's exact test. P<0.05 was considered to indicate a statistically significant difference.
Results
Culturing cholangiocarcinoma cells in matrix gel increases their invasiveness. RMCCA1 cholangiocarcinoma cells were incubated in matrix gel for 0-24 h, and invasion assays were then performed. The results showed that a significantly higher number of cholangiocarcinoma cells that were cultured in matrix gel invaded through the insertion cup compared with that observed with the cells that were cultured on uncoated plates (P<0.001; Fig. 1 ).
Proteomic study of cholangiocarcinoma cells cultured in matrix gel. To investigate the proteins potentially involved in cholangiocarcinoma cell invasion, cholangiocarcinoma cells were cultured in plates coated with or without matrix gel. Next, 2D gel electrophoresis using pH 3-10 Linear IPG strips was performed to identify the protein expression profiles of these cells. Approximately 800 protein spots were detected by colloidal Coomassie staining. Quantitative intensity and statistical analyses identified 129 protein spots with significantly altered expression levels in matrix gel culture compared with the uncoated culture system. Of these 129 proteins, 60 proteins exhibited greater than two-fold upregulation as determined by mass spectrometry. All the identified proteins were in the expected ranges of their theoretical molecular masses and pI values (Table I) . We report for the first time that the ECM plays a major role in the regulation of cholangiocarcinoma cell invasion. Based on 2D electrophoresis results, we identified the proteins that were upregulated when cholangiocarcinoma cells were cultured in matrix gel for 24 h.
Functional studies of protein expression in cholangiocarcinoma cells cultured in matrix gel. The identified proteins that exhibited significant changes in expression levels were classified using a UniProtKB search for protein functional analysis in the species Homo sapiens (human). Based on the search results, these proteins are involved in energy metabolism, molecular chaperoning, cytoskeleton functions, actin binding, translation, transcription regulation, calcium ion binding, cell structure and signal transduction ( Fig. 2A) . Contact with the ECM and the remodeling of the actin cytoskeleton can drive cancer cell motility and promote invasion. L-plastin is one of the actin-binding proteins that exhibited a high level of protein expression in cholangiocarcinoma cells cultured in matrix gel. We performed a western blot analysis to confirm the results of the proteomic study. The results showed that a high level of L-plastin expression was identified in RMCCA1 cells cultured in matrix gel (Fig. 2B) . A previous study demonstrated that L-plastin localizes to actin-rich membrane structures involved in locomotion, adhesion and immune defense, thereby implying that L-plastin is involved in the organization of the actin cytoskeleton (17) . In addition, L-plastin has also been detected in solid tumors of epithelial and mesenchymal origin and has been suggested to be involved in cancer cell invasion (18) . In line with these observations, we found that the number of cholangiocarcinoma cell invasion events significantly decreased when the expression of L-plastin was inhibited with L-plastin siRNA.
Effect of L-plastin on cholangiocarcinoma cell invasion.
To determine whether the expression of L-plastin is associated with cholangiocarcinoma cell invasion, we knocked down the expression of L-plastin using L-plastin siRNA. The western blot (Fig. 3A) and immunofluorescence studies (Fig. 3B ) demonstrated that L-plastin was significantly downregulated after transfecting the RMCCA1 cells with L-plastin siRNA. Moreover, the invasion assay showed that the number of cancer cell invasion events was significantly decreased with the L-plastin siRNA cells compared with those treated with the control dsRNA (P<0.001; Fig. 3C ).
Detection of L-plastin expression in paraffin-embedded cholangiocarcinoma specimens. The expression of Table I ) and categorized according to protein function. Note that the spots with the same identities were counted as only one spot, and each number represents the percentage among the total number of proteins identified.
The expression levels of L-plastin in RMCCA1 cells following culture in matrix gel for 24 h were determined by western blot analysis. β-actin was used as a loading control. Table II . Correlation between L-plastin expression and the clinicopathological features of cholangiocarcinoma patients. L-plastin was determined by immunohistochemistry in 24 paraffin-embedded cholangiocarcinoma specimens. In these cancerous tissues, L-plastin-specific signals were localized mainly in the nucleus and cytoplasm of cholangiocarcinoma cells that invaded the basement membrane and presented as mesenchymal-like cells (Fig. 4) . However, cholangiocarcinoma cells that were arranged in a granular structure were negative for L-plastin. We found that 37.5% (9/24) of the cholangiocarcinoma specimens were positive for the L-plastin expression signal. The correlation between the expression of L-plastin and the clinical characteristics is shown in Table II . The expression of L-plastin in cholangiocarcinoma was detected in all stages of the disease.
Discussion
We report for the first time that the ECM plays a major role in the regulation of cholangiocarcinoma cell invasion. Based on 2D electrophoresis results, we identified the proteins that were upregulated when cholangiocarcinoma cells were cultured in matrix gel for 24 h. L-plastin, a major F-actin-bundling protein, was significantly upregulated in matrix-gel-coated plates compared with uncoated plates. The results were confirmed by western blotting, as L-plastin exhibited higher expression levels in RMCCA1 cells cultured in matrix-coated plates. A previous study demonstrated that L-plastin localizes to actin-rich membrane structures involved in locomotion, adhesion and immune defense, thereby implying that L-plastin is involved in the organization of the actin cytoskeleton (17) . In addition, L-plastin has also been detected in solid tumors of epithelial and mesenchymal origin and has been suggested to play a role in cancer cell invasion (18) . In line with these observations, we found that the number of cholangiocarcinoma cell invasion events significantly decreased when the expression of L-plastin was inhibited with L-plastin siRNA.
Confirming the results of prior studies, we observed that L-plastin is located in the nuclei and cytoplasm of cancer cells (17, 19) . The functional relevance of the nucleocytoplasmic shuttling of L-plastin currently remains unclear. L-plastin may be involved in the regulation of nuclear actin, which is an essential component of the pre-initiation complex and cooperates with polymerases I, II and III in the regulation of gene expression (20) . The formation of protrusive structures is driven by spatially and temporally regulated actin polymerization at the leading edge of the cell (21) . Further studies should be performed to elucidate the involvement of L-plastin localization in cholangiocarcinoma cells. We found that L-plastin was primarily expressed in mesenchymal-like cholangiocarcinoma cells. These findings suggest that L-plastin expression is associated with the epithelial-mesenchymal transition of cholangiocarcinoma cells.
To understand whether our in vitro findings are also relevant in vivo, we performed immunohistochemical analyses of tumor specimens derived from cholangiocarcinoma patients. Our analyses demonstrated that L-plastin is expressed in cholangiocarcinoma specimens. However, the level of expression was not significantly correlated with tumor differentiation, lymph node or metastatic status. This finding is in contrast to that reported for colorectal cancer, in which the expression of L-plastin is significantly correlated with cancer staging (22) . Variations in the biological features of the tumors and the limited number of specimens in our study may account for these differences. In conclusion, attachment to the ECM promotes cholangiocarcinoma cell progression by inducing L-plastin expression. Understanding this mechanism may help to identify a novel molecular target for the development of an effective therapy for cholangiocarcinoma patients. 
